In this study olive biomass was pyrolysis in a 400 cm 3 stainless steel reactor. It was externally heated by an electrical furnace in which the temperature is measured by a thermocouple inserted into the bed. The effect of the catalyst ratio to the biomass (5%, 10%, 15%, 20%, 30% and 40%) on the pyrolysis yield was investigated and compared with the uncatalyzed pyrolysis yield product. The bio-oil products yield from the pyrolysis process was found to increase as the catalyst ratio increased. The bio-oil yield from the olive oil-cake, which was 36.1% without the catalyst, reached the maximum value of 39.3% on using activated catalyst at 10% by weight. The gas products yield was found to increase upon using catalyst compared to the non-catalytic pyrolysis. The reduction in the bio-oil yield product was accompanied with a significant reduction in the oxygen content. The pyrolysis oil was examined using chromatographic analysis techniques. The chemical characterization showed that the bio-oil obtained from olive oil cake might be potentially valuable as a fuel and chemical feedstock.
amounts at a very low cost. Vegetable oils and OC can be considered as an alternative source of fuel, which do not contain sulfur. The cake still has a commercial value owing to the oil it contains. Up to 40 kg of cake is obtained from 100 kg of olives. Its characteristics depend on the process utilized to extract oil, and differ according to whether pressure, centrifuging or selective filtration is used, and whether the stone (pit) was removed from the olives. Typical cake arising as a result of pressure extraction contains from 4% to 5% oil when well exhausted and from 8% to 12% when coming from a classical press [1] [2] . An analysis of the content of this cake gives an average of sulfur content of about 0.05 -0.1 wt%, water 25%, nitrogenated materials 4.4%, fatty material 4%, non-nitrogenated extractable material 20%, gross cellulose 40%, and ash 6.6%. The water content falls to 15% -20% after some days of exposure to air [1] [3] [4] . Olive oilcake actually is a waste and like other wastes can cause problems if suitable and acceptable disposal measures are not taken. Efficient use of OC in energy production solves the two problems in one step: clean energy production and acceptable disposal of olivemill wastes. OC can be burned alone or can be combined with other combustible materials, like low calorific value lignite coals. Therefore, it is of prime importance to be able to burn this waste in producing clean energy in the regions where olive trees are grown.
However, an appropriate technology must be employed to avoid the production of pollutants and other problems while maximizing process efficiency. In the literature, several studies have been reported on the combustion of OC in a fluidized bed combustor for energy production. OC has either been used alone or in combination with oil shale or diesel oil [1] [2] . Olive oil-cake is an important contributor to the world economy.
Today, various forms of OC energy are consumed all over the world. OC provides a clean, renewable source of energy that could dramatically improve the environment, economy and energy security. Bioenergy does not contribute to climate change through emissions to the atmosphere of carbon dioxide or other "green-house gases" [3] [4] [5] .
Valuing the environmental and social contributions that OC inherently makes can also help increase its use [6] . In developing countries, the use of OC is of high interest, since these countries have economies largely based on agriculture and forestry. The use of these materials will depend on the state of the art of safe and economic technologies able to transform them into manageable products [7] [8] . In this way, thermochemical biomass conversion processes such as pyrolysis, gasification and liquefaction are the most appropriate [9] . However, gasification of agricultural residues is more difficult because of bed transport, partial ash sintering, non-uniform flow distribution and the presence of a muddy phase in the effluents [10] . Pyrolysis offers efficient utilization of OC, which is of particular importance for agricultural countries with vastly available biomass by-products [11] . The pyrolysis process conditions can be optimized to maximize the production of liquids (tar, bio-oil), solids (char) or gases whose distribution depends on the experimental conditions applied especially temperature and heating rate [7] . In particular, the production of pyrolysis liquids has been investigated with the aim of using the liquid product directly in fuel applications or by upgrading, producing refined fuels and/or chemical products [12] [13] [14] [15] [16] [17] . Numerous studies regarding liquid fuel production from various sources of biomass have demonstrated that an oil product can be obtained from OC in significant yields [2] [3] [4] [7] . Their direct use as conventional fuels may present some difficulties due to their high viscosity, poor heating value, corrosiveness and instability. Upgrading pyrolytic oils, a necessary process before using them as a regular fuel, essentially involves removal of oxygen. Currently, two methods have been proposed for this process. The first method is a typical catalytic hydrotreatment with hydrogen and carbon monoxide under high pressure and/or in the presence of hydrogen donor solvents. The second method utilizes cracking catalysts (zeolites, silica-alumina and molecular sieves) under atmospheric pressure without hydrogen [15] [18]. The products obtained from this process depend on the characteristics of the catalyst used. The different catalysts are characterized by different operating conditions and different product distributions. Catalysis in this context is used mainly to crack higher molecular weight compounds to a lighter more commercially valuable product.
Catalysts for use in pyrolysis or gasification processes may be divided into two distinct groups: the first group of catalysts (primary catalyst) is added directly to the OC before the experiments. The addition is either by wet impregnation of the raw material or by dry mixing of the catalyst with it. They operate under the same temperature with the reactor and are usually nonrenewable (in-bed mode) [19] [20] . This type of operation permits the immediate contact of the evolved pyrolysis vapors with the catalyst. The second group of catalysts is placed in a secondary reactor located downstream from the pyrolysis reactor [19] [21] [22] . However, only a few studies have dealt with olive residues, although these could be a source for fuels and energy production as well as activated carbon production [23] . Olive oil-cake is the solid residue obtained from pressing the olives. In recent years, OC production in Jordan has increased due to the increase of olive oil production. These residues are not used for the production of energy and other products in Jordan and thus constitute a source of environmental problems caused by their accumulation and disposal; it is, therefore, interesting to study the possibilities of their exploitation as a source of energy. Reuse of these residues could solve pollution problems by means of pyrolysis to recover energy or valuable compounds [1] [24] .
Olive cake was used in this study because it is a good source of energy and olive trees exist abundantly in the Mediterranean countries [23] [25] . The effect of using different catalyst ratios on the products yield was investigated. The composition of the bio-oil fuel obtained was analyzed and its usability as a potential source of renewable fuel was also investigated.
Materials and Methods

Material
Biomass
The olive-oil cake sample investigated in this study was taken from olive oil factories located in around the city of Ajllun in the north of Jordan. Olive-oil cake, the biomass remaining as a byproduct of industrial processes after extracting removal of oil by pressing, was used in the work. Prior to use, the sample was air dried, ground with a high-speed rotary cutting mill and then screened to give the fractions of 0.425 < Dp < 0.600 mm particle size. Table 2 shows the proximate and ultimate analyses of the samples. Proximate analyses of the raw material having an average particle size were performed according to the American Society for Testing and Materials (ASTM) procedure. Elemental analyses were performed on olive residue samples to determine the elemental composition. LECO CHNS 932 elemental analyzer was used to determine the weight fractions of carbon, hydrogen and nitrogen, and the weight fraction of oxygen was considered to be the balance. Oil, cellulose, hemicellulose, lignin, extractives and protein contents of the samples were determined. Protein content was determined by the Kjeldahl method using Labconco Rapid still-2 and Nx6.25 as the conversion factor. 
Catalyst Preparation
Natural zeolite was selected as a catalyst for our application. There is an abundance of sediment beds in east Jordan. The samples were taken from the north-east region and, and the purity was about 95%. For activation, it was calcined at 400˚C for 3 hours [26] .
Catalyst specifications and compositions are given in Table 1 .
Pyrolysis Experiments
The pyrolysis experiments were performed by dry mixing of the catalyst with biomass samples at in-bed mode in the pyrolysis atmosphere. In this study, a stainless steel reactor with the volume of 400 cm 3 was used to conduct the pyrolysis experiments. It was externally heated by an electrical furnace in which the temperature is measured by a thermocouple inserted inside the bed. The experiments were conducted to determine the effect of catalyst ratio on the pyrolysis yields biomass sample. During experiments, 20 g of OC sample with an average particle size of 0.425 -0.600 mm was mixed with different catalyst weight percentages (5%, 10%, 15%, 20%, 30% and 40% w/w) and then placed into the reactor. The optimum experimental conditions determined in a previous study were a final pyrolysis temperature of 500˚C, a heating rate of 8˚C/min, a sweeping gas flow rate of 150 ml/min and a mean particle size of 0.425 < Dp < 0.600 mm [20] [26] [27] . Experimental apparatus was held at final pyrolysis temperature for either a minimum of 30 min or until no further significant release of gas was observed.
The flow of gas released was observed and measured using a soap film flow meter for the duration of experiments. The liquid products (bio-oil and water) were collected by condensing in cold traps maintained at about 0˚C and recovered by washing with dichloromethane. The aqueous phase in the liquid product was separated using separator funnel. The bio-oil and solvent mixture was passed over dry sodium sulfate to make it water-free and then the solvent was removed from bio-oil by rotavapour. After pyrolysis, the char was weighed. The gas yield was calculated from the material balance. In this study, all the yields are expressed on a dry ash-free basis and the average yields were obtained from triplicate experiments with a standard deviation of <0.5 wt%.
Characterization
Proximate and elemental analysis was carried out on the olive-oil cake and elemental composition of bio-oils Table 2 and Table 3 . The bio-oil analyzed in this study has been obtained from the experimental condition that has given maximum bio-oil yield.
The elemental compositions and caloric values of the pyrolysis oil were determined us- 
Results and Discussion
Product Yields
The biomass sample was pyrolysis to determine the effect of catalyst ratio (5%, 10%, 15%, 20%, 30% and 40%) on the pyrolysis yield. The results are given in (Figure 1 ). The bio-oil yields slightly increased as the catalyst ratio increased. The bio-oil yield from the OC, which was 36.1% without catalyst, reached the maximum value of 39.3% upon using catalyst at 10% by weight. The bio-oil yield increased about 3.2 wt% at catalytic pyrolysis conditions. When the catalyst ratio increased up to 40% by weight the bio oil decreased. The gas product yields with catalyst increased compared to the non-catalytic pyrolysis. The gas yield, obtained as 17.1% without catalyst, increased to 23.5% with 40% (wt/wt) activated catalyst. The water yield, which was 16.2% without catalyst, reached the maximum value of 22.4% on using catalyst at 30% by weight. Pyrolysis products obtained confirm that the catalyst promotes the depolymerization processes to yield a strong carbonization (high solid yields) or a strong liquid phase cracking (low liquid yields) and hence a higher hydrogen formation, since this gas wasformed from liquid cracking [1] [24] . The water yields with catalyst increased compared to the noncatalytic experiments.
The aqueous product was the main result of oxygen removal from the biomass pyrolysis vapors for the Y-zeolite and activated catalysts [28] . The bio-oil yields oxygen content was low because some of it was converted to CO 2 and CO due to the presence of coke and hydrocarbon gas at the surface of the catalyst [18] . Pyrolysis char values did not change significantly in samples by using different catalyst ratios. Catalyst ratio more than 10% by weight exhibited a significant effect on decreasing the bio-oil yield compared to the non-catalytic case. These results are consistent with those obtained in previous studies [16] 
Chemical Composition
Olive biomass was found to be consisting of 12.8% oil, 31.1% cellulose, 15.6% hemicel- Figure 1 . Effect of activated catalyst ratio on pyrolysis yields (pyrolysis temperature of 500˚C, heating rate of 8˚C/min and nitrogen flow rate of 150 ml/min). 
Yieled (wt%)
Catalyst ratio (wt%) [25] . The proximate analyses and the elemental compositions of the olive-oil cake are given in Table 2 . The properties of bio-oils derived from OC are given in Table 3 . As can be seen from these tables, Bio-oil is characterized by low oxygen content with a higher H=C ratio than original feedstock. The significant decrease in oxygen content of the bio-oil is important compared to the original feedstock because the high oxygen content is not attractive for the production of transport fuels [25] . Further comparison of the H/C ratios with conventional fuels indicates that the H/C ratios of the bio-oils obtained in this work lie between light and heavy petroleum products in this respect. It can be seen in Table 2 that the C and H values increased and oxygen content decreased in the bio-oils obtained by catalytic pyrolysis compared with non-catalytic experiments. The elemental composition is consistent with cellulose and other polysaccharides as the major class of material present. It can be seen in Table 3 that the C and H values increased and oxygen content decreased in the bio-oils obtained by catalytic pyrolysis compared with non-catalytic experiments. The calorific values of the bio-oil obtained by applying the optimum conditions stated above were determined as 32.15 Mj/kg and 37.33 Mj/kg for the products obtained from the pyrolysis of OC without using a catalyst and with catalyst, respectively. When the calorific values of the bio-oils obtained from catalytic pyrolysis are compared with the bio-oils of the non-catalytic process, it can be seen that the addition of catalyst to raw material provided higher calorific values. As noted in the literature, catalytic treatment caused removal of oxygen, increased heating value and stability [18] [24] [30] . Caloric value of the bio-oil is also very close to those of petroleum fractions (Table 3) . Bio-oil was separated into two fractions as pentane-soluble and insoluble compounds (asphaltenes) by using pentane. The pentane-soluble material was further separated by adsorption chromatography. The results of adsorption chromatography of the oils (Table 4) showed that the pyrolysis oil consists of 52 wt% n-pentane soluble, while n-pentane soluble obtained with non-catalytic pyrolysis of OC is in the ratio of 82.6%, it reached 78.1% on using catalyst. The aliphatic fractions increased upon using of activated catalyst compared with the aliphatic fraction value for non-catalytic process. The aromatic fractions were down from 52.1% to 41.8 wt% when activated catalyst was used. On other hand, the polar fraction yields, that was 29.3 wt%, decreased to 25.3 wt% when activated catalyst was used. As noted in the literature, catalytic pyrolysis similar to kerosene and the 240˚C -350˚C fraction was similar to diesel fuel.
Shown in Table 5 , the initial boiling point (IBP) of the biodiesel was 78˚C compared to 66˚C for diesel and for fraction boiling at 140˚C -240˚C was 44˚C compared to 47˚C
for kerosene. A much narrower boiling range but higher value could be observed in the case of the biodiesel than in the case of diesel. The boiling temperatures kept almost constant at a value of about 300˚C from 30% fraction to 70% fraction, while it increased in the case of fractions boiling at 140˚C -240˚C, which was an average of 30˚C -35˚C.
The boiling temperature for fraction distillated by ASTM D285-62 was similar for the biodiesel obtained from this study to diesel, which had an 8˚C -10˚C different boiling range from 10% to 90%.
The final boiling point (FBP) of fractions boiling at 140˚C -240˚C is very close to those of kerosene. They were 245˚C and 244˚C, respectively, in contrast, FBP of biodiesel was much lower than in diesel. They were 346˚C and 368˚C for the biodiesel and for diesel, respectively. The lower FBP for the biodiesel may be, because the double bond of unsaturated of alkyl chains could be polymerized at high temperatures [27] [28].
Conclusion
In this study, the effect of the catalyst on product and chemical composition of the bio-oil products from biomass samples was investigated. The bio-oil yield was decreased when compared with non-catalytic experiments for biomass sample with catalyst. The addition of activated catalyst provided a higher calorific value to the bio-oil.
Low oxygen content and high H/C ratio characterized the bio-oil. Comparison of the H/C ratios with conventional fuels indicates that the H/C ratio of the bio-oils is very similar to that of light petroleum products. Chemical class fraction and elemental analysis of the bio-oil showed that the oxygenated species decreased upon using different ratios of catalyst in the experiment. These features are advantageous for its stability, handling and for upgrading purposes. All these factors favor the use of the obtained bio-oil as fuel. In conclusion, the worldwide continuous increase in the demand for oil will play an important role in the realization of the need for alternative renewable resources of energy and bio-oil could be one of them.
